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18 The Journal of Thoracic and CardiovBackground: The development of postoperative pericardial adhesions increases the
risk of cardiac reoperations. The purpose of this study was to test a new pericardial
substitute (UBE sheet; UBE Industries, Ltd, Tokyo, Japan) that consists of 3 layers,
namely, a middle layer of polyester inserted between 2 layers of silicone-urethane
copolymer.
Methods: Before implantation into the animals, platelet adhesion to the UBE sheet
was evaluated in vitro. In the canine model, the UBE sheet (group I; n  6) was
implanted for 3 months. The development of adhesions, epicardial reactions, the
shrink ratio of the patch, and macrophage infiltration to the epicardium with
histologic examination were evaluated. As a control, an expanded polytetrafluoro-
ethylene sheet (group II; n  5) was implanted in the same manner.
Results: Scanning electron microscopy of the platelets adhered to the sheet showed
that the UBE sheet was superior in biocompatibility compared with the expanded
polytetrafluoroethylene sheet. In the canine study, group I showed fewer adhesions
than group II (median [25th percentile, 75th percentile]: 0.0 [0.0, 0.0] vs 1.0 [1.0,
2.3]; P .003; Mann-Whitney U test), fewer epicardial reactions (1.75 [1.0, 3.0] vs
3.0 [3.0, 3.0]; P  .034), and a smaller shrink ratio (8.0% [5.5%, 12.4%] vs 31.7%
[30.0%, 44.8%]; P  .006). Immunohistologic studies showed fewer macrophage
infiltrations (86 [56.8, 139.3] vs 201 [161.0, 276.5] in 3 fields; P  .045) into the
epicardium of group I.
Conclusions: The new 3-layered pericardial substitute clearly reduced adhesion
formation. We concluded that this sheet may cause fewer adhesions and a less
severe inflammatory reaction after cardiac surgery, thereby facilitating safe adhe-
siolysis reoperation.
The development of postoperative pericardial adhesions increases therisk of cardiac reoperations.1,2 Closing the native pericardium aftercardiac operation is the most popular way to reduce the risk ofreoperation. However, pericardial closure is often not possible be-cause of a previous cardiac operation or the risk of extracardiac graftcompression. Therefore, many surgeons have used various biologic
or synthetic sheets as a pericardial substitute.3-10 So far, however, there have been
no adequate substitutes that reduce adhesions and epicardial reactions.
Polyether-based polyurethanes have been widely used as biomaterials because of
their biocompatibility and their desirable physical properties, such as strength and
flexibility. However, polyether polyurethanes containing polyether soft segments
ascular Surgery ● January 2005
Kajihara et al Cardiopulmonary Support and Physiology
CS
Pare susceptible to oxidative cleavage in vivo.11,12 Modifi-
cations of the soft segment have been made to enhance
biostability,13-15 and several studies have shown that the
polycarbonate soft segment is more stable than the poly-
ether soft segment.16,17 Furthermore, silicone-urethane co-
polymers that possess the biocompatibility and biostability
of conventional silicone elastomers with the processability
and toughness of thermoplastic polyurethanes were recently
produced, and segmented polycarbonate urethanes have
been shown to enhance biocompatibility and biostability via
silicone copolymerization.18
The purpose of this study was to investigate whether a
new synthetic pericardial substitute consisting of 3 layers—
namely, a middle layer of polyester inserted between 2
layers of silicone-urethane copolymer—could attenuate the
host reaction, thereby reducing adhesion and epicardial re-
action. As a control, an expanded polytetrafluoroethylene
(ePTFE) sheet was used.
Methods
Manufacturing Process of the UBE Sheet
The silicone-urethane copolymer (CarboSil-10; The Polymer
Technology Group Inc, Berkeley, Calif) was dissolved with N,N-
dimethyl formamide. A sheet made from polyethyleneterephtalate
was fixed between stainless-steel boards 0.2 mm thick and with an
area of 100  100 mm cut into the central part. It was then
immersed in a silicone-urethane copolymer solution. After exces-
sive solution was removed, the sheet was immersed in distilled
water at 20°C and finally washed with ethanol. The sheet (UBE
sheet model CL-0202; UBE Industries, Ltd, Tokyo, Japan) consists
of 3 layers, namely, a middle layer of polyester inserted between
2 layers of silicone-urethane copolymer (Figure 1, A).
Platelet Adhesion Studies in Vitro
Blood samples of mongrel dogs were collected in tubes containing
Figure 1. Scanning electron microscopic views of the
A, The 3 layers of the UBE sheet: a middle layer of p
copolymer. B, The ePTFE sheet, consisting of 1 layer.3.8% sodium citrate and centrifuged at 900 rpm for 10 minutes to
The Journal of Thoracobtain platelet-rich plasma (PRP). The sheets were exposed to PRP
for 10 or 40 minutes. The sheets were washed with modified Hanks
solution and fixed by immersion in 2.5% glutaraldehyde solution,
followed by critical-point drying. The specimens were examined
with a scanning electron microscope (model S-510; Hitachi, To-
kyo, Japan). The UBE sheet and ePTFE sheet (Gore-Tex pericar-
dial membrane; W. L. Gore & Associates, Inc, Flagstaff, Ariz)
were compared with regard to the presence of platelet aggrega-
tions.
Canine Study
All animals received humane care in compliance with the “Prin-
ciples of Laboratory Animal Care” formulated by the National
Society for Medical Research and the “Guide for the Care and Use
of Laboratory Animals” prepared by the National Institutes of
TABLE 1. The scoring system of macroscopic evaluation
Adhesion
0 No adhesion
1 Minimal adhesion; can be easily
separated with finger dissection
2 Moderate adhesion; aggressive
dissection required for separation
3 Severe adhesion; sharp dissection
required for separation
Epicardial reaction
0 No fibrosis
1 Minimal fibrotic layer; the coronary
anatomy or other underlying
structures were easily identified
2 Moderate fibrotic layer; the recognition
of underlying structures was
severely impeded
3 Severe fibrotic layer, the underlying
structures were not identifiable
s sections of the sheet (original magnification, 100).
ter is inserted between 2 layers of silicone-urethanecros
olyesHealth publication No. 86-23, revised 1985).
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Operative Procedure
Eleven mongrel dogs weighing from 11.2 to 17.8 kg were divided
into 2 groups: a UBE sheet group (group I; n  6) and an ePTFE
sheet group (group II; n  5). The dogs were anesthetized with
sodium thiamylal (10 mg/kg) and intubated with a tracheal tube
connected to a mechanical ventilator (model PLV-100; Respiron-
ics Inc, Westminster, Colo). Anesthesia was maintained with ve-
curonium bromide (0.4 mg/kg) and midazolam (0.5 mg/kg). A
median sternotomy was performed by a standard aseptic technique.
A piece of pericardium 50  75 mm was excised, and the defect
was repaired with the sheet. The animals were allowed to wake up
on the operating table, after which they were extubated. Antibiotic
therapy was maintained for 5 days after surgery.
Re-sternotomy was performed 3 months after the first opera-
tion. The shrink ratios [(pre-area post-area)/pre-area 100] of
Figure 2. Scanning electron microscopic views of the
plasma was put on the UBE sheet for 10 minutes (A) a
40 minutes (D).
TABLE 2. The results of the macroscopic evaluation of ad
model
Group
Adhesion to the
epicardium
Adhesi
sutur
Group I 0.0 (0.0, 0.0) 0.0 (0
Group II 1.0 (1.0, 2.3) 2.0 (2
P value .003 .0
Values are median (25th, 75th percentile).the sheet with appearance just after re-sternotomy were evaluated.
20 The Journal of Thoracic and Cardiovascular Surgery ● JanuaTwo observers evaluated the adhesion formation and epicardial
reactions to the sheet (Table 1). The animals were killed with a
lethal dose of anesthesia. Their hearts were removed and immersed
in 20% paraformaldehyde for histopathologic examination.
Histopathology and Immunohistochemistry
Histologic specimens were fixed in 20% paraformaldehyde, em-
bedded in paraffin, and cut into slices. Some of these sections were
stained with hematoxylin and eosin and Azan-Mallory stains. The
remaining sections were used for immunostaining. Sections were
incubated for 60 minutes at room temperature with the mouse
monoclonal anti-human macrophage/monocyte antibody MAC387
(Dako Cytomation Co Ltd, Copenhagen, Denmark). The number
of macrophages in the epicardium was counted as the sum of the
rent platelets on surfaces of the sheets. Platelet-rich
minutes (C) and on the ePTFE for 10 minutes (B) and
ons, epicardial reactions, and shrink ratios in the canine
the Epicardial
reaction Shrink ratio (%)
) 1.8 (1.0, 3.0) 8.0 (5.5, 12.4)
) 3.0 (3.0, 3.0) 31.7 (30.0, 44.8)
.034 .006adhe
nd 40hesi
on to
e line
.0, 1.3
.0, 2.5
11cell counts on 3 fields at 400 magnification.
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PStatistical Analysis
Analyses were performed with SPSS software (version 11.0J;
SPSS Inc, Chicago, Ill). Variables are expressed as the median
(25th percentile, 75th percentile). Differences between experimen-
tal groups were determined with the Mann-Whitney U test.
Results
Scanning Electron Microscopic Observations of the
Adherent Platelets
Scanning electron microscopy of the adherent platelets to
the UBE and ePTFE patches under static conditions is
shown in Figure 2. A few individual platelets adhered to
both of the sheets with a slight shape change after 10
minutes (Figure 2, A and B). Many individual platelets
adhered to the UBE sheet in a spread shape with pseudo-
pods after 40 minutes, but there was no platelet aggregation
(Figure 2, C). However, on the surface of the ePTFE sheets,
aggregated platelets with fibrin were found after 40 minutes
(Figure 2, D).
Canine Study: Macroscopic Findings
Table 2 shows the results of the macroscopic evaluation. At
Figure 3. The appearances of the sheets 3 months a
implanted form. B, The sheets of group II were crinkle
tissue. C, In group I, there were no adhesions to the s
epicardial reactions. D, In group II, there were moderathe time of re-sternotomy, 4 cases in group II showed
The Journal of Thoracadhesions between the sternum and the pericardium. The
sheets of group I retained the implanted form (Figure 3, A),
whereas the sheets of group II were crinkled, less pliable,
and thickened by a dense layer of fibrous tissue (Figure 3,
B). The shrink ratio was significantly smaller in group I
(8.0% [5.5%, 12.4%] vs 31.7% [30.0%, 44.8%]; P  .006).
Group I showed no adhesions between the epicardium
and the sheet and had no or minimal adhesions between the
epicardium and the suture line (Figure 3, C). Two cases in
group I showed a severe epicardial reaction, but in the
remaining cases, the underlying structures were detectable.
Conversely, group II showed minimum or moderate adhe-
sions between the epicardium and the sheet and had mod-
erate or severe adhesions between the epicardium and the
suture line. In all cases in group II, the epicardial reaction
was severe, and recognition of the underlying structures was
completely impeded by fibrous tissue (Figure 3, D).
Microscopic Findings
In group II, the surface of the epicardium beneath the
synthetic sheet was covered with a thick and dense layer of
implantation. A, The sheets of group I retained the
ss pliable, and thickened by a dense layer of fibrous
s, including the suture line, and there were minimum
hesions to the sheets and severe epicardial reactions.fter
d, le
heetcollagenous fibrous tissue (stained blue in the Azan-Mallory–
ic and Cardiovascular Surgery ● Volume 129, Number 1 21
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(Figure 4, B and D). Compared with group II, group I
showed a thin layer of fibrous tissue covering the epicar-
dium and mild chronic inflammatory reactions (Figure 4, A
and C). The number of macrophages in the layer covering
the epicardium was significantly less in group I (86 [56.8,
139.3] vs 201 [161.0, 276.5] in 3 fields; P  .045) than in
group II (Figure 5).
Discussion
Patients undergoing reoperation are at a higher operative
risk than those undergoing initial procedures because of the
formation of postoperative adhesions.1,2 In cardiac surgery,
the importance of protecting the heart during repeat sternot-
omy has been indicated.19 Several biomaterials have been
tried as pericardial substitutes, and the reported results have
been mixed.3-6,9,10 The ePTFE sheet, which is the most
widely used synthetic pericardial substitute, was reported to
develop tissue-free space around the synthetic sheet, which
facilitates safe re-sternotomy. It also, however, brought on
severe inflammatory reactions and diffuse fibrosis, and the
sheet itself was deformed by a dense layer of fibrous tis-
sue.4,10,20
We performed the platelet adhesion study to evaluate the
Figure 4. Cross sections through the tissue on the surf
40). A, Group I, hematoxylin and eosin staining. B
Azan-Mallory staining. D, Group II, Azan-Mallory stainblood compatibility of the sheets. Thrombogenicity of the
22 The Journal of Thoracic and Cardiovascular Surgery ● Januasheets was evaluated by exposing the sheets to PRP. Less
aggregate formation on the UBE sheet implied superior
antithrombogenicity, which is currently recognized as a
decisive factor in the development of antiadhesive mem-
branes.
We selected a 3-layered structure—namely, a middle
layer of polyester inserted between 2 layers of silicone
polycarbonate polyurethane—to keep an implanted form of
the pericardial substitute. Many investigators have reported
that ePTFE sheets were deformed by a dense layer of
fibrous tissue, although the sheets themselves did not seem
shrunken or thickened.20 In this study, the ePTFE sheets
were crinkled and thickened by a dense layer of fibrous
tissue. However, the UBE sheets, consisting of 3 layers,
retained their shape after implantation. In addition, there
were no or minimal adhesions between the epicardium and
the suture line of the UBE sheet. One possible explanation
for the difference in suture-line adhesion may be the differ-
ence in size of the needle hole between the ePTFE and UBE
sheets. This preliminary study, using scanned electron mi-
croscopy, showed that the hole size of the UBE sheet was
smaller than the width of the needle, whereas the size of the
needle hole of the ePTFE sheet was almost the same size as
the width of the needle. These features may affect the
of the heart beneath the sheet (original magnification,
oup II, hematoxylin and eosin staining. C, Group I,ace
, Grresults showing no or minimal adhesion between the
ry 2005
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Pepicardium and the suture line in group I, because the
fibrous tissue might not have been able to get into the
holes.
The number of macrophages in the epicardial tissue was
counted with immunohistochemical methods. Macrophages
have been reported to play an important and direct role in
adhesion formation.21,22 Fibrosis, or adhesion formation, is
an end phase in the inflammatory response. Macrophages
secrete numerous mediators that in turn trigger the prolif-
eration of fibroblasts. The mediators also trigger the syn-
thesis and secretion of proteins that make up the extracel-
lular matrix, such as collagen.21,22 Immunohistochemical
findings showed that there were fewer macrophages in the
covered epicardium in the UBE sheet group. We do not
have an explanation for why the macrophage reaction to the
UBE sheet was reduced. Because some cytokines that orig-
inate from platelets enhance the expression of monocyte
chemoattractant protein, less thrombogenicity (less platelet
aggregation) of the UBE sheet may account for the reduced
Figure 5. Macrophages in the layer covering the epic
number of macrophages existed. B, In group II, a large
of macrophages in the layer covering the epicardium a
boxes denote 25th, 50th, and 75th percentile values fr
minimum and maximum values, respectively. Group I
number is the sum of the cell counts on 3 fields at macrophage (monocyte) reaction.
The Journal of ThoracLimitations of this study should be noted. The experi-
mental findings might not be completely reproducible clin-
ically because the epicardial damage in this study was
limited, cardiopulmonary bypass was not performed, and
bleeding was minimal. In addition, although there was a
distinct difference between groups, the follow-up period of
3 months is short; reoperations within a 3-month period are
infrequent. Another concern was that in group I we had 2
cases with severe epicardial reactions. Although a minor
infection or some kind of epicardial damage could be the
cause, the reason for the reactions was unclear. Further
experiments with longer observation periods are warranted.
In addition, the development of new models to mimic clin-
ical situations such as bleeding and epicardial damage is
required.
In conclusion, the new 3-layered pericardial substitute
that consists of silicone polycarbonate polyurethane outer
layers and a middle layer of polyester significantly reduced
adhesions after median sternotomy. This sheet may cause
m were stained with MAC387. A, In group I, a small
ber of macrophages were recognized. C, The numbers
pressed as box and whisker plots. Horizontal lines in
he bottom. The lower and upper whisker plots show
s fewer macrophages compared with group II. The
agnification. *P  .045 versus group II.ardiu
num
re ex
om t
showfewer adhesions and less severe epicardial reactions after
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CSPcardiac surgery, thereby facilitating safe adhesiolysis during
reoperation.
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